We examined nitrate assimilation and root gas fluxes in a wildtype barley (Hordeum vulgare L. cv Steptoe), a mutant (narla) deficient in NADH nitrate reductase, and a mutant (narla;nar7w) deficient in both NADH and NAD(P)H nitrate reductases. Estimates of in vivo nitrate assimilation from excised roots and whole plants indicated that the narla mutation influences assimilation only in the shoot and that exposure to N03-induced shoot nitrate reduction more slowly than root nitrate reduction in all three genotypes.
were exposed to ammonium, root carbon dioxide evolution and oxygen consumption increased markedly, but respiratory quotient-the ratio of carbon dioxide evolved to oxygen consumed did not change. A shift from ammonium to nitrate nutrition stimulated root carbon dioxide evolution slightly and inhibited oxygen consumption in the wild type and narla mutant, but had negligible effects on root gas fluxes in the narla;nar7w mutant. These results indicate that, under NH4' nutrition, 14% of root carbon catabolism is coupled to NH4' absorption and assimilation and that, under N03-nutrition, 5% of root carbon catabolism is coupled to N03-absorption, 15% to N03-assimilation, and 3% to NH4+ assimilation. The additional energy requirements of N03-assimilation appear to diminish root mitochondrial electron transport. Thus, the energy requirements of NH4' and N03-absorption and assimilation constitute a significant portion of root respiration.
Nitrogen assimilation is among the most energy-intensive processes in plants, requiring the transfer of two electrons per N03 converted to NO2, six electrons per N02 converted to NH4', and two electrons and one ATP per NH4' converted to glutamate. To provide sufficient electrons for these reactions, plants may divert reductant from mitochondrial electron transport. During dark N03-assimilation, shoots of a higher plant (8) and algae (18, 29) evolved CO2 significantly faster than they consumed O2, presumably because the TCA cycle or the oxidative pentose phosphate pathway catabolized substrates and transferred some electrons to N03-and N02-rather than to O2. These results indicate that, in the dark, shoots expend up to 25% of their respiratory energy on nitrogen assimilation (8) .
Plants assimilate in the root virtually all of the NH4' and from 5 to 95% of the N03-absorbed from the rhizosphere (1, 20) . Estimates of root nitrogen acquisition and the associated energy transfers have been limited (2, 4, 5, 10, 12, 14-16, 23, 26, 27) , and these could not distinguish among expenditures for tissue maintenance, root growth, NH4' and NO3-absorption, and NH4' and N03-assimilation. Root respiration is usually determined from net 02 uptake, yet N03-, N02-, and NH4' can substitute for 02 as electron acceptors during nitrogen assimilation. Root carbon catabolism might be a more pertinent measure, but analysis of dissolved CO2 has required discontinuous sampling (24, 29) or elevated CO2 concentrations (17) . The present study employed an instrumentation system that simultaneously monitors root fluxes of C02, 02, NH4', N03-, and H+ at normal physiological concentrations (6) . With this system, we evaluated the relationships among NH4' and NO3-absorption, assimilation, and root respiration in barley genotypes having normal or deficient levels of root NO3-reductase activity.
MATERIALS AND METHODS

Barley Genotypes and Growth Conditions
We examined three genotypes of the barley cultivar, Hordeum vulgare L. cv Steptoe: a wild type, a narla mutant (line Az12) with defects in the structural gene for NADH-specific NR,2 and a narla;nar7w mutant (line Azl2;Az7O) with defects in the structural genes for both NADH-specific and NAD(P)H-bispecific NR (28) . The in vitro activities of the NR isozymes are well characterized in these genotypes: for the wild type, only NADH-specific NR is active in the shoots, whereas both NR isozymes are active in the roots; activity of NAD(P)H-bispecific NR is higher in the root and shoot of the narla mutant than in the wild type, whereas activity of NADH-specific NR is very low in this mutant; the narla;nar7w mutant has negligible activities of either isozyme (28) .
Seeds of the genotypes were sprouted on wet germination paper. After 3 to 4 d, the seedlings were suspended by foam plugs around the stem above light-tight root boxes. These boxes held 4 acclimated for more than 6 h before recording fluxes.
Step (a) was omitted for the plants that had received 50 Mm NH4Cl during the night and morning.
Relative growth rate of the roots was based on changes in root dry weight over time for additional wild-type plants subjected to the above experimental regime (i.e. nitrogen deprivation, NH4' nutrition, and then N03-nutrition). Root growth of the narla;nar7w mutant was estimated from comparing root dry weights in this mutant and the wild type at 2 weeks after germination. These data were also used in calculating fluxes per gram of root dry weight to account for growth during the experiment. 
RESULTS
The amount of N03-absorbed per gram of root dry weight was generally similar among excised roots and in'tact plants of the three genotypes (Fig. 1) ; the value for excised roots of the narla;nar7w mutant at 3 h was the sole exception. The absorption rates (i.e. the slopes) reached the maximum within 2 h of first exposure to NO3-. The wild type and narla mutant had lower rates at 8 h because they had depleted the N03-to below 10 FM.
Excised roots of the wild type and narla mutant assimilated nearly identical amounts of N03-per gram of root dry weight, whereas excised roots of the narla;nar7w mutant assimilated significantly less ( Fig. 2A) . Only with exposures to N03-longer than 3 h did intact plants assimilate more N03-than excised roots (Fig. 2) . Intact wild-type plants assimilated more of the N03-that they absorbed than intact narla plants, which in turn assimilated more than intact narla;nar7w plants (Figs. 1B and 2B ).
Shoot N03-content per gram of shoot dry weight became substantial in the three genotypes only after 2 h of exposure to N03- (Fig. 3) . For the wild type, shoot N03-content diminished from 3 to 8 h as N03-in the flask became limiting, absorption decreased, and shoot assimilation depleted stored NO3-.
The controls (i.e. wild-type plants on nitrogen-free me- consequently, root RQ increased in the wild type and narla but not in narla;nar7w (Fig. 4 , B-D; Table I ). There is a slight difference between Figure 4 and Table I: Figure 4 included values from all plants, whereas Table I included values from only those plants that received both the no nitrogen and NH4+ treatments.
Net NH4' and N03-uptake were similar among genotypes (Table II) . The ratio of net CO2 evolved or 02 consumed per ion absorbed was generally around unity (Table II) . With the shift from NH4' to N03-nutrition, the ratio for CO2 increased in the wild type and narla mutant, the genotypes assimilating substantial amounts of N03-, whereas the ratio for 02 was highly variable among genotypes (Table I) .
DISCUSSION Root and Plant Nitrate Assimilation
Barley grown on a medium containing NH4' as a sole nitrogen source reached maximal rates of NO3-absorption within 1 to 2 h of first exposure to N03- (Fig. 1) . By contrast, the same genotypes grown without nitrogen required over 9 h of N03-exposure to achieve maximal rates (28) . These results are consistent with those of a previous study (9) , in which we concluded that NH4' or some product of NH4' assimilation induces NO3-absorption. comprised 36% of the total N03-assimilated (Fig. 2) . This approach for partitioning NO3-assimilation is subject to experimental artifacts. With excision, flows from shoot to root cease and excised roots could become photosynthate limited (1, 7). This did not seem to be a factor here because NO3-absorption was similar for excised roots and whole plants (Fig. 1) , and because root N03-assimilation remained steady during the 8-h observation period ( Fig. 2A) . Also, with excision, the NO3-that normally would be translocated from root to shoot remains in the root and might enhance N03-assimilation; therefore, this approach can overestimate the amount of root assimilation. Our values for the proportion of N03-assimilation that occurs in the root fall within the upper range of those previously reported for barley (1) . Root N03-assimilation reached maximal rates within 2 h of N03-exposure, whereas shoot assimilation (i.e. the difference between whole plant and root assimilation) did not become significant for more than 3 h (Fig. 2 ). This agrees with previous studies on barley, in which N03-exposure induced NR activity more quickly in roots than in shoots (3, 28) . Because N03-availability regulates the extent of N03-assimilation (3, 11) , the 1-to 2-h delay in appearance of NOK-in the shoot (Fig. 3) was most likelv responsible for the slow induction of shoot N03 assimilation.
The wild type and narla mutant had similar rates of root NO3-assimilation ( Fig. 2A) . This indicates that the narla mutation has little effect upon overall root assimilation. The narla mutation decreases in vitro root NADH NR activity to less than half of normal (28) . Apparently, this diminished NADH NR activity (approximately 12 ,mol NO3-g-1 h-1; 28) plus full NAD(P)H NR activity (approximately 14 ,umol NO3-g-1 h-'; 28) was sufficient to sustain normal root assimilation (10-20 ,umol N03-g-' h-1; Fig. 2A ). The narla;nar7w mutant showed slower, but still significant, rates of NO3-assimilation than it did in a previous study (28) . This assimilation may result from leaky mutations or another yet unknown NO3-reducing enzyme.
Respiration under Nitrogen Deprivation
Net CO2 evolution from roots under nitrogen deprivation (mean ± SE; Fig. 4 ) was 1.64 ± 0.05 ,umol g-1 min-' for the wild type (n = 19), 1.41 ± 0.05 ,tmol g-1 min-' for the narla mutant (n = 11), and 1.77 ± 0.14 ,umol g-1 min-' for the narla;nar7w mutant (n = 9). The relatively low rates for the narla mutant had no obvious explanation. These values are consistent with the 1.3 Amol CO2 g-1 min-' estimated for root maintenance respiration (21); consequently, it seems appropriate to use the net CO2 evolution that we measured under nitrogen deprivation as a gauge of maintenance respiration. Maintenance respiration might vary with nitrogen source because of different contributions to altemative pathway respiration (2, 12, 16) , but alternative pathway respiration is negligible in barley roots (4) and, thus, need not be considered here.
Respiration under Ammonium Nutrition
Wild-type plants, when shifted from a medium without nitrogen to one with NH44, commenced root growth at a significant rate (0.14 g g-1 d-1). To support this growth and NH4' absorption and assimilation, net CO2 evolution and net 02 consumption of the roots increased; net CO2 evolution raised 1.15 ,umol CO2 g-1 min-' above maintenance (Table  I) . Theoretically, growth processes other than nitrogen assimilation should evolve 7.86 mmol CO2 g-1 (21) (Table I) . The genotypes absorbed similar amounts of NH4' (Table I) ; under the low NH44 concentrations and high-light conditions of these experiments, probably all of the NH44 absorbed was assimilated rapidly in the roots (20) ; in the absence of NO3-, mutations in the apoenzymes for NR should have little effect on NH44 metabolism and short-term growth under NH4+.
The alga Selenastrum minutum required carbon fixation via phosphoenolpyruvate carboxylase at about 0.3 mol CO2 mol-1 NH4+ absorbed to replace TCA cycle intermediates that were depleted during NH44 assimilation (25) . This dark anaplerotic CO2 fixation significantly decreased RQ because net CO2 diminished without a concomitant change in net 02 consumed (13) . A similar phenomenon has been proposed for higher plants (21, 22) . Here, root NH44 assimilation appeared to be independent of root dark anaplerotic carbon fixation: a shift from a medium without nitrogen to one with NH4' had little effect upon RQ (Table I) The apparent lack of dark anaplerotic carbon fixation in barley and wheat roots suggests that malate translocated from shoot to root provided the carbon skeletons for NH4+ assimilation (20) . Such a malate shuttle may also serve to maintain shoot pH balance during N03 assimilation (22) . Steptoe barley, when grown under conditions similar to those used here, accumulated N03-in the shoot at a level of 1.2 mmol g-1 root (unpublished data) and malate in the root at a level of 0.083 mmol g-' root (7). Assuming 0.5 mol malate mol-1 N03-assimilated, 0.346 mol malate mol-' NH4+ assimilated (22) , and 1.19 jmol NH44 assimilated g-1 min-' (Table   II) mol-'NO3-absorbed (Table I) , whereas the narla;nar7w mutant-a genotype that had relatively little root N03-assimilation, but normal NH44 and N03-absorption (Table II)- showed little change in gas fluxes (Table I ). In all these plants, NO3-absorption and assimilation appeared to be fully induced because the plants had been grown on medium with NO3-, exposed to NH44 for more than 4 h (9) and to N03-for more than 6 h, and showed steady fluxes of NO3-, CO2, and 02 for more than 3 h before data were recorded.
Total root respiration should derive from expenditures for (a) maintenance, (b) growth, (c) N03-assimilation to NH44, (d) assimilation of the resultant NH44 to organic nitrogen compounds, and (e) N03-absorption: (a) Taking root respiration under nitrogen deprivation as a measure of maintenance respiration, the wild type had a total root respiration minus maintenance of 1.37 gmol CO2 g'I min-' for the 15 plants receiving both the no nitrogen and N03-treatments. The narla;nar7w mutant had a total root respiration minus maintenance of 0.96 Uzmol CO2 g-l min'1 for the nine plants receiving both the no nitrogen and N03-treatments.
(b) The wild type had a root growth rate of 0.13 g g-1 d-'; assuming a growth respiration rate of 7.86 mmol CO2 g-I (21) , this growth would require 0.71 ,mol CO2 g-' min-'. The narla;nar7w mutant's root growth was about 80% of that for the wild type, so that growth respiration would be 0.57 Mmol CO2 g-' min-'.
(c) Roots of the wild type assimilated approximately 30% of the 0.89 jmol g-' min-' NO3-they absorbed, or 0.27 ,umol N03-assimilated g-1 min-'. The narla;nar7w mutant assimilated in the root about 15% of the 0.88 ,umol N03-absorbed g'-min-' for 0.13 ,umol N03-assimilated g-' min-'.
(d) As derived above, assimilation of NH44 requires 0.33 mol CO2 mol-1 NH44. The wild type, in assimilating the NH44 produced from 0.27 ,mol N03-assimilated g-1 min-', would expend 0.09 Amol CO2 g-I min-'. Likewise, the narla;nar7w mutant would expend 0.04 ,mol CO2 g-' min-' (= 0.13 x 0.33) for NH44 assimilation.
(e) For the wild type, the remaining 0.57 tAmol CO2 g' min-' (=1.37 -0.71 -0.09) represents the costs of absorbing 0.89 ,umol N03-g-min-1 and assimilating 0.27 ,umol N03-g-1 min-'. The narla;nar7w mutant expended 0.35 ,mol CO2 g' min-' (= 0.96 -0.57 -0.04) to absorb 0.88 ,umol N03-g' min-' and to assimilate 0.13 ,umol N03-g-min-1.
Consequently, the respiration equations for the wild type and narla;nar7w mutant are, respectively, 0.57 Amol CO2 g-I min-' = 0.89 tsmol N03-absorbed g-1 min-' x + 0.27 tzmol N03-assimilated g-' min-' y (1) 
